INTRODUCTION
Rasopathies are developmental disorders arising from mutations in genes encoding for Ras-MAPK pathway components (1) . One of these is Costello syndrome (CS), a rare disorder resulting from germline mutations in the H-Ras oncogene. Young patients display craniofacial, skin, musculoskeletal, and cardiac abnormalities as well as a predisposition to develop tumours (2) . During the aging process, patients develop osteoporosis, hypertrophic cardiomyopathies, a reduced muscle tone and age-related cancer (e.g., bladder cancer) (3) . An interesting aspect of the patients' pathology is that, despite harbouring an oncogenic mutation in virtually every cell of the body, only approximately 10% of the CS patients develop tumours such as bladder cancer, rhabdomyosarcoma or neuroblastoma (4) . H-Ras is a molecular switch, which controls many signalling pathways leading to proliferation, diff erentiation, migration, and apoptosis, among other biological processes (5, 6) . It cycles between an inactive form (GDP-bound) and an active form (GTP-bound), and this is regulated by two classes of proteins: guanine nucleotide exchange factors (GEFs), which accelerate activation via GDP for GTP exchange;
and GTPase-activating proteins (GAPs), which catalyse GTP hydrolysis and inactivation (7) . Oncogenic somatic mutations in the H-Ras gene aff ect GAP-mediated hydrolysis and keep H-Ras in a constitutively active state (8, 9) , which in turn leads to hyper-activation of its downstream pathways. In CS, germline mutations aff ect similar residues as the somatic oncogenic mutations, with the Gly12 to serine (G12S) substitution identifi ed in more than 80% of patients. Other mutations (e.g., G12V, G12D) are rare, and the aff ected patients usually develop a stronger phenotype which results in postnatal fatality (10) (11) (12) .
Research on CS was advanced by the creation of a mouse model harbouring an H-Ras G12V germline mutation. Th is mouse phenocopies some features of the CS patients: craniofacial dysmorphia, skeletal abnormalities, hypertrophic cardiomyopathy, neurological and behavioural alterations (13, 14) . Using another mouse model harbouring the same mutation, an essential role for H-Ras in tooth development was established (15) . At the same time, a combination of in vitro and in vivo studies (using in utero electroporation of embryos), proved that neurogenesis is impaired by H-Ras mutations in cortical progenitor cells. By favouring premature gliogenesis over neurogenesis, H-Ras mutations dramatically increased the number of astrocytes (16) .
So far, most of the studies have focused either on mutational identifi cation or on a phenotypic description and the identifi cation of biological processes underlying CS pathologies, and not so much on the molecular basis of dysregulated H-Ras signalling. In the H-Ras G12V mouse model, a basic analysis of activation and its downstream signalling network identifi ed that in spite of the constitutive activation of H-Ras, there is no increase in the activation of MAPK and Akt pathways in both primary cells (cardiomyocytes, mouse embryonic fi broblasts) and organs (heart, kidney) (14) . Because of the fact that they harbour an oncogenic mutation, CS mice were surveyed for tumour induction during their life span. CS mice did not develop spontaneous tumours and were resistant to carcinogen-induced tumour development.
In this study, using mouse embryonic fi broblasts (MEFs) and adult skin fi broblasts (ASFs) derived from the same mouse model, we have performed a deeper in vitro molecular analysis of H-Ras signalling. We aimed to identify the mechanisms responsible for a reduced activation of H-Ras downstream pathways in spite of H-Ras constitutive activation and to monitor the changes in the epidermal growth factor (EGF)-mediated activation kinetics of MAPK and Akt pathways, two hallmarks for the dysregulated signalling which leads to CS pathologies. In addition to MEFs, by using the adult ASFs cell model, we tested the activation of both pathways in basal conditions or in response to growth factor stimulation. Furthermore, we monitored cellular proliferation and the expression of cell cycle inhibitory genes, p16ink4a and p21waf, as modulators of onco gene-induced senescence (OIS) in CS ASFs. In CS MEFs, we noticed that the expression of the Erk1/2 inhibitory protein, dual specifi city phosphatase 6 (Dusp6), the tumour suppressors, phopsho-p53 and phospho-Rb, and the proliferation marker, proliferating cell nuclear antigen (PCNA) did not increase in response to oncogenic H-Ras. Additionally, CS MEFs activation kinetics analysis showed subtle changes in Erk1/2 and Akt activation in response to EGF induction. Finally, in ASFs H-Ras G12V mutations induced Akt pathway upregulation under basal stimulation, slowed down cellular proliferation, triggered an upregulation in gene expression of cell cycle inhibitory proteins (p16ink4a, p21waf), and led to an increased reactive oxygen species production. Th ese later features imply a potential induction of oncogene-induced senescence (OIS), which could be the mechanism deterring malignant transformation in our CS cellular model, and presumably in CS mouse model. On the other hand, the induction of OIS-like phenotype due to changes in the signalling pathways triggered by oncogenic H-Ras may well be another molecular mechanism which leads to CS dysregulated signalling and pathologies.
MATERIAL AND METHODS

Mice
H-Ras G12Vgeo mice were a kind gift from Prof. Mariano Barbacid (CNIO, Spain), and were backcrossed and maintained in the C57BL/6 background. All animal usage for the purpose of embryo and tissue collection was strictly within the guidance set by the institutional animal care policy and authorised by the local animal welfare authorities.
Mouse embryonic fi broblasts (MEFs) isolation and sub-culturing
Embryos for MEF isolation were obtained from timely paired heterozygous female to a heterozygous male. At day 13.5 post coitus, the pregnant females were sacrifi ced by CO 2 inhalation, and the uterus with embryos was removed, washed once in 70% ethanol and placed in a 10 cm dish with sterile PBS ++ (Invitrogen # 14040). Th e embryos were separated from the placenta and surrounding membranes, and transferred to individual 10 cm dishes containing sterile PBS ++ . Foetal livers were removed, and the heads were placed in micro centrifuge tubes for genomic DNA isolation for genotyping. Th e embryo body was minced and digested with 3 mL of digestion buff er containing 0.1% Collagenase Type I (Merck Millipore) and 2.4 U/mL Dispase II (Sigma-Aldrich) in DMEM/F12 (Invitrogen) supplemented with 1% antibiotics. Digestion was carried out with mild stirring on a magnetic stirrer, placed in a cell culture incubator, until the tissue dissociated into a cellular suspension. After digestion, the cells were pelleted and washed twice with pre-warmed MEF culture media containing DMEM/F12, 10% FBS (Sigma-Aldrich), 1% Penicillin-Streptomycin (Sigma-Aldrich) and 1% Antibiotic Antimycotic (Sigma-Aldrich) to remove Dispase II and collagenase. Th e fi nal pellet was re-suspended in 13 mL MEF culture media and was seeded in to a T75 fl ask. On day 2, the cells were trypsinised and sub-cultured (designated as passage 1, P1) using a modifi ed 3T3 protocol which was optimised for effi cient MEF maintenance (17) . Every third day, the cells were detached, counted and re-seeded at a density of 0.7 x 10 6 cells/10 cm cell culture dish. MEFs were routinely cultured in MEF culture media at 37°C in a 21% O 2 (atmospheric O 2 ) and 5% CO 2 incubator.
Mouse adult skin fi broblasts (ASFs) isolation and sub-culturing
Adult mouse primary skin fi broblasts (ASF) were isolated from 6-7-month-old female mice. Th e area of skin covering the under arm and over the rib cage was used for fi broblast isolation. Th e shaved surface was sterilized with 70% ethanol and the skin was removed and placed into a sterile 50 mL falcon containing DMEM/ F12 media and 1% antibiotics and stored on ice. Once all the samples were collected, the excised skins were spread dermis side down into a sterile well of a 6 well tissue culture dish containing 2,4 U/mL Dispase II in PBS++ and were incubated overnight at 4°C. Following the removal of epidermis and excess fat, the dermis was chopped into small pieces and incubated with digestion media at 37°C on a magnetic stirrer, placed in a cell culture incubator, and incubated until the chopped tissue was easy to pipette or until the tissue dissociated into a cellular suspension. Cells were pelleted and washed twice with pre-warmed ASF culture media containing DMEM-F12, 10% FBS, 1% Penicillin-Streptomycin, 1% Antibiotic Antimycotic, 10 ng/mL bFGF (ImmunoTools) and 0.4 μM -mercaptoethanol (Invitrogen) to remove Dispase II and collagenase. Th e fi nal pellet was re-suspended in 6 mL ASF culture media and seeded in to a T25 fl ask. After 4 days, the media was gently aspirated off to remove non-adherent tissue pieces and replenished with fresh ASF culture media. After 7 days post-isolation, the cells were designated as passage 1 and were grown thereafter using a modifi ed 3T3 protocol optimised for effi cient ASF maintenance (17) . ASFs were routinely cultured in ASF culture media at 37°C in a 3% O 2 and 5% CO 2 incubator.
Population doubling measurements
In the modifi ed 3T3 protocol for ASFs, every third day the cells were trypsinised, counted and then re-seeded at a cell density of 0,8 x 10 6 cells/ 10 cm plate. Cell numbers and viability were calculated using trypan blue exclusion in an automated cell counter, Vi-CELL XR 2.04 (Beckman coulter). Population doubling level (PDL) was calculated as follows: n = 3.32 (log UCY − log I) + X, where n was the fi nal PDL number at the end of a given subculture, UCY was the cell yield at that point, I was the cell number seeded at the start of subculture, and X was the doubling level of the cells used to initiate the subculture being quantifi ed (P-4) (18) . In this study, PDL was calculated starting from P4 till P40 and the results are presented as the cumulative population doubling of three separate ASF isolations per genotype.
Growth factor induction
Induction for the activation kinetics was performed as previously described (19) . Briefl y, overnight serum starved cells were stimulated using 5 ng/mL epidermal growth factor (ImmunoTools) for 30 s, 2 min, 10 min, 30 min, and 60 min for MEFs, and 2 min, 10 min, and 30 min for ASFs. Cells were harvested and total protein lysates were prepared as previously described (20) .
Total protein lysates preparation, pull down and immunoblotting
Total protein lysates, pull down assay and immunoblotting analysis were performed as described (21) . For immunoblotting analysis, the following antibodies were used: anti-actin, anti-ERK1/2, anti-pErk1/2, anti-Akt, anti-pAkt (Ser473), anti-pAkt (Th r308), anti-pEGFR (Tyr1068), anti-pERM, anti-Dusp6, anti-Egfr, anti-phospho-ERM, anti-ERM, anti-Gapdh, all purchased from Cell Signaling. Anti-p21Waf from Santa Cruz Biotechnology.
RNA isolation and qPCR analysis
Total RNA was isolated using TRIzol (Invitrogen), according to the manufacturer's instructions. For quantitative real time RT-PCR (qPCR), RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) in two steps: step one -initial denaturation of RNA with random primers at 70°C for 5 min, followed by the addition of enzymes and reverse transcription at 37°C for 120 min. 20 ng cDNA was amplifi ed and quantifi ed using the iQ SYBR Green Supermix (Bio-Rad), according to the manufacturer's instructions, in the LightCycler® 480 (Roche) under the following conditions: initial denaturation at 95°C for 10 min and 50 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. q-PCR was performed in triplicate for each sample. Validated primers from Qiagen for p21WAF (#QT01752562), p16INK4a (#QT01164898) and Rpl13a (#QT00267197) were used. A melting curve analysis was performed for each sample after PCR amplifi cation to verify that the amplicon is homogeneous in the absence of primer dimers and DNA contamination. Cp values were calculated using absolute quantifi cation/ 2 nd derivative max (LightCycler® 480 software). Th e relative expression of each gene is normalized to the expression of their corresponding housekeeping 60S ribosomal protein L13a (Rpl13a). ΔΔCT were calculated and plots were created using GraphPad Prism 6 software.
ROS measurements (using H2DCFDA)
For the total cellular ROS assay, 1.5x10 6 cells/10 cm plate were seeded O/N in ASF culture media and grown in a cell culture incubator at 37°C, 3% O 2 and 5% CO 2 . Two hours prior to the H2DCFDA pulse, the cells were trypsinised, pelleted and re-suspended in 1 mL DMEM/F12 containing only 0.1% FBS. After recovery, the cells were pulsed with 20 μM 2'7' dichlorofl uorescein diacetate (H2DCFDA; Sigma-Aldrich) for 30 min. Single cells were immediately washed once with ice cold PBS ++ and analysed using FACs (BD FACSCanto™). A minimum of 3,500 events were recorded in the FITC channel and the median fl uorescence for each sample was calculated using FlowJo® V10.
Cell proliferation assay (EdU incorporation)
Cell proliferation was measured using EdU incorpo ration followed by detection using click chemistry. For P11, a fi nal concentration of 2x10 3 cells/well were cultured overnight in a fl at bottomed 96 well plate in a cell culture incubator at 37°C, 5% CO 2 and 3% O 2 . FGF was withdrawn 24 hours before pulsing the cells with 10 μM EdU for 6 hours. Cells were fi xed with 4% PFA and stained as described below. For P38, 1.5x10 6 cells/10 cm were cultured overnight, FGF was withdrawn 24 hours before pulsing with 10 μM EdU for 3 hours. Single cells were prepared by trypsinisation and fi xed with 4% PFA. EdU was detected using click chemistry with modifi cations (22) . Briefl y, fi xed cells were washed twice with PBS ++ , and permeabilised for 10 min with 0.1% Triton™ X-100. Th e cells were stained with freshly prepared staining solution containing 2 mM CuSO 4 (Sigma-Aldrich, from 200 mM stock in ddH 2 O), 10 μM Sulfo-Cyanin-3-azid (Lumiprobe, 500 μM stock prepared in ddH 2 O) and 100 mM ascorbic acid (Sigma-Aldrich, freshly prepared in ddH 2 O) was added in the required amount of PBS ++ (Invitrogen), precisely in the above mentioned order. Ascorbate was added at the end, but immediately before EdU staining the cells for 30 min at RT. After staining, the cells were washed once with PBS ++ and counterstained with DAPI, followed by further washing. Cells plated in 96 well plates were analysed using a high content screening platform (Cellomics™, Th ermo Scientifi c). Th e percentage of EdU-positive cells was calculated from the total number of cells. Single cells were analysed using FACS (BD FACSCanto™), with a minimum of 1000 events recorded in the DAPI and APC channels and the data was analysed using FlowJo® V10. Th e EdU ne gative population was gated out using no dye control as the reference and the percentage of EdU positive cells over the total events recorded was de termined.
Immunofl uorescence analysis
Senescence-associated heterochromatin foci (SAHF) were analysed using HP1 antibodies (Cell Signaling). Cells were fi xed with 4% PFA for 10 min at room temperature and permeabilized with 0.25% Triton X100 in PBS (Sigma). After blocking with 3% BSA (Sigma, dissolved in 0.25% Triton X100/PBS) for 1 h at room temperature, cells were incubated with anti-HP1 antibody for 1 h at room temperature. Anti-HP1  detection was performed using anti-rabbit antibody coupled to Alexa 488 (Life Technologies). Cells were mounted using ProLong Gold Antifade with DAPI, for nuclei staining (Life Technologies). Microscopy was performed using Apotome 2 fl uorescence microscope (Zeiss).
RESULTS
H-Ras G12V mutations do not increase MAPK and Akt activation in mouse embryonic fi broblasts (MEFs)
Various studies using overexpression models have shown that H-Ras oncogenic mutations trigger a constitutive activation of MAPK and Akt, among other Ras pathways.
Here, for H-Ras signalling analysis, we isolated and used MEFs from a CS mouse model. Th ese cells harbour a constitutively active H-Ras G12V and came from a single (+/KI, with only one allele carrying the mutated H-Ras G12V) and double knock-in (KI/KI, both alleles were mutated) embryos. Our data confi rmed these previous observations (14) , that constitutively active H-Ras mutations expressed from their endogenous locus, does not translate into a hyper-activation of the MAPK and Akt pathways (Fig. 1a) . In order to elucidate the mechanisms that attenuate oncogenic signalling, we checked the dual specifi city phosphatase 6 (Dusp6), a known Erk1/2 activation inhibitory protein (23) . Dusp6 expression is regulated by the active Erk1/2 in a feed-forward fashion. To our surprise, immunoblotting analysis showed that only a minor increase in Dusp6 expression was observed in +/KI cells, while its expression in KI/KI cells was clearly reduced (Fig. 1a , right side panels).
H-Ras G12V mutations induce subtle changes in MAPK and Akt activation kinetics in response to growth factor stimulation
Pathways associated with Ras GTPases have multiple feedback regulations that can aff ect targets both upstream and downstream of Ras, regulating the intensity and duration of the signal in response to a stimulus. In fact, previous studies of Ras GTPases mutations have clearly shown that MAPK and Akt activation kinetics are subtle, and that dysregulated activation kinetics analysis can be identifi ed only during stimulation with growth factors (19) . Th us, we tested the activation of MAPK and Akt pathways in CS MEFs under epidermal growth factor (EGF) stimulation for various time intervals. Interestingly, activation of MAPK, as measured by phosphorylated Erk1/2 levels, showed subtle diff erences between wild type and CS MEFs (Fig. 1b, upper and lower panel,  respectively) . +/KI MEFs showed a stronger activation at early time points (30 s and 2 min), but both reached an activation peak after 10 min (Fig. 1b, upper panels) . At later time points, MAPK activation in CS cells was reduced when compared to wild type MEFs (30 min). Similar observations were recorded for KI/KI MEFs, with a faster activation at early time points (30 s) (Fig. 1b, lower  panels) . Next, we studied Akt activation kinetics under the same stimulation conditions. In CS cells, Akt activation pattern was similar to MAPK, an early activation in both, +/KI and KI/KI CS MEFs (30 s and 2 min), while at later time points (30 min and 60 min), Akt activation was stronger in wild type cells (Fig. 1b, upper and lower panels). To sum it all up, although MAPK and Akt activation in CS and wild type cells reached a maximum after 10 min of EGF induction, the mutated cells showed an earlier activation in reaching the stimulation peak by 10 min, and at the same time, their inactivation was faster than that in the wild type cells.
Basal activation of H-Ras G12V stimulates the Akt pathway in mouse adult skin fi broblasts (ASFs), whereas EGF induction induces alterations in MAPK and Akt activation kinetics
To expand on our analysis of the dysregulated H-Ras signalling to adult primary cells, we isolated ASFs and used them to study cellular signalling. We fi rst examined MAPK and Akt activation in ASFs in the absence of any stimulation at passage 7 (P7). Immunoblotting analysis showed that despite a minor increase in Mek1/2 activation, Erk1/2 activity levels did not change in the CS cells when compared to wild type. Similar to MEFs, Dusp6 expression was not increased by the presence of H-Ras G12V mutations, and the expression levels were comparable in CS and wild type ASFs (Fig. 2a) . We tested the activation of Akt pathways in CS ASFs, using two phospho-Akt antibodies, one recognising a Pdk1-mediated activating phosphorylation (Th r308) and the another recognising a mammalian target of rapamycin complex 2 (mTorc2)-mediated phosphorylation (Ser473). Surprisingly, immunoblotting analysis identifi ed that as a result of H-Ras hyper-activation, both activating phosphorylations were increased in CS ASFs (Fig. 2a) , in contrast to our own observations in MEFs. Similar to our analysis in MEFs, we tested whether EGF induction reveals subtle changes during MAPK and Akt activation. EGF induction showed similar activation kinetics for MAPK measured by Erk1/2 phosphorylation in both wild type and CS ASFs (Fig. 2b and Supplementary Fig. 1 ). In contrast to this observation, an evident activation of Raf1 kinase in response to constitutive active H-Ras and in the absence of stimulation was not subsequently translated into Mek1/2 and Erk1/2 activation. On the other hand, we identifi ed that CS cells showed an increased Akt activation in the absence of stimulation (time 0) for both Akt activating phosphorylation sites, while the activation at subsequent time points (2 and 5 min) was similar to the wild type cells (Fig. 2d and Supplementary  Fig. 1 ). In CS cells, Akt activation in response to EGF remained higher than in the wild type cells after 30 min of stimulation, further confi rming that H-Ras mutations induced subtle changes in pathway activation kinetics. 
) Signalling downstream of H-Ras in mouse embryonic fi broblasts (MEFs). Pull down assay shows an increase of active H-Ras levels in CS MEFs, an increase which was not translated into a hyper-activation of MAPK and Akt pathways (left side panels). Molecular analysis of the Erk1/2 inhibitory protein Dusp6 shows similar levels to wild type cells. b) EGF-induced ERK1/2 and Akt activation kinetics in MEFs.
MEFs were stimulated using 5 ng/mL EGF and harvested at the specifi ed time points. Immunoblotting analysis revealed subtle changes in MAPK and Akt activation kinetics in CS cells, an early activation for CS MEFs (aft er 30 sec and 2 min stimulation) and a faster inactivation aft er 30 min, when compared to wild type cells.
H-Ras G12V alters the EGF-mediated activation of Egfr and ERM in ASFs
EGF induction analysis in ASFs showed subtle changes in the activation kinetics downstream of H-Ras. Next, we focused on Egfr stimulation, a MAPK component located upstream of Ras. EGF binds to Egfr, which in turn induces autophosphorylation of the receptor and the recruitment and stimulation of upstream activators of Ras GTPases. EGF-mediated activation kinetics of Egfr were measured by levels of phosphorylated Egfr at Tyr1068, and we observed that in contrast to CS MEFs ( Supplementary Fig. 2 ), the phosphorylation of Egfr was reduced in mutated ASFs (Fig. 2c) . To our surprise, the reduced activation is related to a strong reduction of Egfr expression in mutated cells. We then tested the activation of ERM (Ezrin, Radixin, Moesin) proteins, which are known to associate with Egfr (24) , and to sustain Ras activation (25) . Phosphorylation of Ezrin at Th r567 (Radixin Th r564, Moesin Th r558) in response to growth factor stimulation induces the activation of ERM proteins (26) . In mutant ASFs ( + /KI and KI/KI), we observed a strong phosphorylation of ERM proteins under basal conditions (time 0), while in + /KI cells, the activation was reduced after stimulation (Fig. 2c) 
H-Ras G12V induces a weak oncogene-induced senescence-like phenotype in ASFs
Given that CS ASFs have an increased basal mitogenic signalling, we wanted to explore the cellular outcome of such a dysregulated Ras signalling. Unlike human primary cells, mouse primary fi broblasts have longer telomeres, allowing for longer culturing times, or until they theoretically attain replicative senescence due to telomere attrition (27) . On the other hand, many studies have shown that mouse primary fi broblasts will stop proliferation and will ultimately undergo senescence in response to oncogenic Ras overexpression (28) . Here, we report that in contrast to wild type ASFs, cumulative population doubling in CS cells was steadily reduced during our observation over a period of more than 30 cell passages (Fig. 3a) . To conclusively prove that cellular proliferation was indeed reduced, we performed EdU incorporation in CS cells and we observed that in contrast to P7, these cells showed a gene-dosage dependent reduction of proliferation when measured at P38 (Fig. 3b) . Same, the absolute cell number at late passage was clearly reduced in CS ASFs ( Supplementary  Fig. 4 ). Next, we tried to identify the molecular targets responsible for this reduced proliferation and the possible induction of oncogene-induced senescence. It has long been known that p16Ink4a and p21Waf induce cell cycle arrest in response to DNA damage and mitotic stress induced by oncogenes (29) . We set out to determine the expression of these two targets at an early passage (P3) and a late passage (P25). In contrast to wild type cells, CS ASFs showed a constant increase in both p16ink4a and p21waf, which correlates with the reduction in cumulative population doubling (Fig. 3c) . Additionally, p21Waf immunoblotting conclusively proved its upregulation at a late passage (Fig. 3c, inset ). Th ough we tested numerous antibodies, we could not detect p16Ink4a protein expression, due to their poor quality. Another hallmark of OIS is the increase in ROS production, which in turn accelerates the senescence phenotype. In normal conditions, ROS are used as signalling molecules and are controlled by the Ras/PI3K/Rac1/NADPH oxidases pathway. Under oncogenic Ras stress, the production of ROS increases and results in sustained cellular damage. Because we observed the induction of OIS markers, we tested in a late passage (P36) the production of ROS via 2',7'-dichlorodihydrofl uorescein diacetate (H 2 DCFDA) incorporation and FACS analysis. Our analysis shows an increase in ROS production in CS ASFs irrespective to the cellular genotype (Fig. 3d) . Furthermore, we inspected the induction of senescence-associated heterochromatin foci (SAHF) and we used as marker HP1, known marker induced during cellular senescence (30) (31) (32) . Microscopy analysis clearly shows that in contrast to a uniform distribution in wild type ASFs, CS cells induce HP1-positive foci (Fig. 3e and Supplementary Fig. 3 ).
Unfortunately, SA-Gal could not be used as a senescence marker because the knock-in H-Ras G12V contains a gal reporter gene to monitor H-Ras G12V tissue-specifi c expression. Additional markers (e.g., DNA damage marker H2AX) were tested, but we could not detect clear diff erences between wild type and CS ASFs (data not shown). In our model, the expression of oncogenic H-Ras is physiological and we presume that in contrast to the overexpression of oncogenes, the OIS-like phenotype occurs at a slower pace.
DISCUSSION
CS is a developmental disorder arising from oncogenic H-Ras G12V germline mutations. Despite harbouring oncogenic mutations, the cancer incidence is reduced, implying that protective mechanisms are triggered in both patients and the CS mouse model. Our molecular analysis in embryo and adult fi broblasts showed that the MAPK and Akt pathways are not upregulated, although subtle changes in their activation were identifi ed. MEFs are primary cells extensively studied for the eff ects of oncogenes overexpression on cellular proliferation and tumour initiation (28) . In contrast to somatic mutations, our data using primary fi broblasts expressing H-Ras G12V from its endogenous locus, did not show hyperactivation of MAPK in both primary cells types. Only a strong activation of the Akt pathway occurred in serum-starved CS ASFs, and we believe that, in this cellular model, activated Akt may well be responsible for the dysregulated cellular signalling. Th is observation prompts us to assume that germline H-Ras G12V mutations are tolerated during embryonic development because MAPK and Akt pathways are kept at normal levels, through unknown mechanisms. Furthermore, we identifi ed subtle alterations of MAPK and Akt pathways when cells were stimulated with EGF. Subtle changes in the activation kinetic of EGF-induced MAPK signalling were previously described in an in vitro study in cells expressing Noonan syndrome-associated K-Ras mutants or in CS patients' fi broblasts (19, 33) . In our molecular analysis of MEFs and ASFs, we could not associate Dusp6, a classical negative regulator of MAPK, with the reduced MAPK activation in cells harbouring H-Ras G12V mutations. Because the MAPK phosphatases family comprises other members which can also aff ect the classical MAPK or stress-induced MAPK, we cannot exclude the involvement of another MAPK inhibitory phosphatase (e.g., DUSP1). In addition to the MAPK signalling intensity, subcellular localisation of its components has an infl uence on the outcome of cellular signalling. Another intriguing observation is that Raf kinase activation was increased in CS ASFs in the absence of EGF stimulation (Fig. 2b) . Th ough Raf kinases activation is canonically correlated with MAPK signalling, few studies proved that Raf involved in the 
) CS ASFs senescence-associated heterochromatin foci (SAHF).
Representative images of immunofl uorescence analysis of SAHF, detected using HP1 α antibodies (green). In contrast to wild type cells, HP1α localizes in distinct foci (3 rd panels). Images were acquired using Apotome 2 fl uorescence microscope (Zeiss). Nuclei were detected using 4' ,6-diamidino-2-phenylindole (DAPI, blue). Scale bar 20 μm. For statistical analysis, all values were plotted using GraphPad Prism 6 soft ware and are represented as ± SEM phosphorylation of eukaryotic translation elongation factor 1A, apoptosis-linked gene-2, Bcl-2-associated death promoter and their phosphorylation by Raf kinase appear to induce prosurvival functions in cells (34) (35) (36) and ultimately to the dysregulation of cellular homeostasis. In addition to changes in MAPK and Akt activation downstream of Ras, we identifi ed signifi cant changes in the expression of Egfr and the activation of ERM proteins. Th e reduction of Egfr activation was directly linked to the reduction in its expression, and in CS cells may well be the trigger for a reduced MAPK activation downstream of Ras. From pancreatic KRAS cancer models, it is known that oncogenic K-Ras activity is dependent on Egfr signalling (37), so we can hypothesize that the reduction of Egfr expression by a currently elusive mechanism may conceivably be a protective mechanism against tumorigenic transformation of CS fi broblasts. Analysing the cellular signalling upstream of H-Ras, we identifi ed an increased activation of ERM proteins in the absence of growth factor stimulation. ERM are protein linkers between the membrane receptors and the cortical cytoskeleton, in turn modulating receptor output. Th eir expression levels were reportedly increased in various tumours (25) . A direct link between ERM proteins and Ras activation was previously reported (38) ; therefore, we were not surprised to observe an increased ERM activation in the CS cells expressing oncogenic H-Ras. However, the role of ERM is not limited only to Ras activation, as ERM interactions can modulate receptor abundance, localisation and via interacting with other proteins, can infl uence cytoskeletal signalling, cellular polarity, mitosis, among many other processes (39) . Ezrin phosphorylation plays an essential role in insulin secretion from the pancreas, and for future studies it will be essential to understand whether there is a link between ERM activation and hyperinsulinemia identifi ed in CS patients (40) . We hypothesize that signalling alterations upstream and downstream of H-Ras lack the potency to induce cancer, but have a detrimental eff ect on the cellular and tissues homeostasis during embryonic development and throughout the life span of CS patients.
Numerous studies have shown that oncogenic mutations aff ecting Ras GTPase promote tumorigenic transformation, but at the same time, during the early steps of tumour initiation, they activate OIS. OIS is a protective cellular mechanism against uncontrolled proliferation and it is characterised by a permanent cell cycle arrest, increased production of reactive oxygens species (ROS), activation of the DNA damage response and a specifi c secretory phenotype (42) (43) (44) . In vitro overexpression studies of oncogenic Ras in human primary fi broblasts has revealed that the induction of oncogene-induced senescence (45) is characterised by the activation of senescence-associated beta-galactosidase (SA-Gal) and a strong expression of p16Ink4a. We observed in CS ASFs the induction of a OIS-like phenotype, characterized by the reduction of cellular proli feration, the expression of cell cycle inhibitory genes p16ink4a and p21waf expression increases towards late passages.
Furthermore, we have identifi ed the induction of HP1-positive senescence-associated heterochromatin foci (SAHF), but, to our surprise, there were no diff erences in H2AX-positive DNA damage foci. Moreover, an increased ROS production was noticed in late passages. In contrast to overexpression cellular models, our cells carry H-Ras oncogene (single or both alleles mutated) expressed at physiological levels and we presume that the initiation and establishment of OIS-like phenotype in these cells occurs at a slower pace. Nevertheless, the stronger ROS production in CS cells will induce further DNA and cellular damage, and thus ultimately drive the cells into senescence and a complete cell cycle arrest. One important aspect in senescence is that in contrast to humans, mice have longer telomeres, therefore until they reach a critical telomere length and trigger a strong senescence response, a spontaneous immortalization may occur (46) . Moreover, the strength of an oncogene in mouse models has a strong impact over the balance between cellular proliferation and senescence. Previous work showed that oncogenic K-Ras (more potent oncogene than H-Ras) in mouse primary fi broblasts does not induce senescence, rather accelerates proliferation and triggers immortalization after only few days in culture (47) . In our cellular model, a less potent H-Ras oncogene slows down proliferation and induces a senescence-like phenotype, but the spontaneous immortalization in mouse cells cannot be excluded at later passage number.
Based on these in vitro observations, we hypothesize that within an organism, in vivo context, the complexity of cellular types and the infl uence of various secreted factors produced by the niche could ultimately stimulate OIS in highly proliferative cells like the stem cells (43) . Th erefore, future studies in the CS mouse model could unravel whether systemic changes will drive proliferating cells into senescence. Because the patients display an age-dependent worsening phenotype, we cannot exclude that senescence is a possible contributor to the CS pathologies. In an organism, the eff ect of OIS is not limited only to proliferative cells, but can also infl uence terminally diff erentiated cells, like hepatocytes (48) . Induction of senescence in hepatocytes could induce changes in metabolic processes that can be responsible for CS pathologies. In future studies using CS animal models, we intend to expand the analysis to organs and tissues and understand the systemic changes induced by OIS and its correlation to CS pathologies.
Taking into account our experimental data, we think that the induction of the senescence-like phenotype in CS primary fi broblasts may well be responsible for blocking the tumorigenic transformation. At the same time, cumulative eff ects of dysregulated pathways upstream and downstream of H-Ras, and the induction of oncogene-induced senescence-like phenotype may be responsible for the induction of CS pathologies.
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